ABSTRACT The tilt angle Otilt of the hydrocarbon chains has been determined for the fully hydrated gel phase of a series of saturated lecithins. Oriented samples were prepared on glass substrates and hydrated with supersaturated water vapor. Evidence for full hydration was the same intensity pattern of the low angle lamellar peaks and the same lamellar repeat D as unoriented multilamellar vesicles. Tilting the sample permitted observation of all the wide angle arcs necessary to verify the theoretical diffraction pattern corresponding to tilting of the chains towards nearest neighbors. The length of the scattering unit corresponds to two hydrocarbon chains, requiring each bilayer to scatter coherently rather than each monolayer. For DPPC, Otilt was determined to be 32.0 ± 0.50 at 1 9°C, slightly larger than previous direct determinations and considerably smaller than the value required by recent gravimetric measurements. This new value allows more accurate determinations of a variety of structural parameters, such as area per lipid molecule, A = 47.2 ± 0.5 A2, and number of water molecules of hydration, nw = 11.8 ± 0.7.
INTRODUCTION
Quantitative measurements of lipid bilayer structure provide fundamental data for discussion of biomembrane structure and function. Although many structural studies of lipid bilayers have been reported, at the present time there is considerable disagreement even for the most studied lipid, namely dipalmitoylphosphatidylcholine (DPPC). For the most biologically relevant La phase of DPPC, literature values for A, the area per lipid in the plane perpendicular to the bilayer normal, range from 58 A2 to 71 A2 (30, 44) . Since A for the gel phase of DPPC is at least 44 A2, this means that the uncertainty of the effect of melting the hydrocarbon chains is at the 100% level ( 14 A2 versus 27 A2 for AA). This paper focuses on the fully hydrated L,, gel phase of DPPC. One rationale is that the better ordered gel phase enables a more complete and accurate structural determination which may then be used to test various methods for application to the La phase. That this is not an idle exercise is illustrated by the disagreement in A in the gel phase obtained using the following two methods. One of these methods is the gravimetric/hydration method (5, 15, 16, 17, 22, 34, 36, 43) which measures the lamellar spacing D as a function of water content to obtain the number nw of water molecules/lipid above which D remains constant. Then nw is used in the following equation, which is equivalent to one introduced by Luzzati (23) , A = 2(VL + nwVW)/D, (1) along with measured values (1, 19, 31, 35, 49) (2) where 0tilt is the tilt angle of the hydrocarbon chains and AC is the area/chain measured perpendicularly to the long axis of the chains; Eq. 2 applies to lipids with two chains/lipid. The area AC has been routinely measured using x-ray diffraction in fully hydrated unoriented MLV dispersions (9, 21, 24, 34, 43) . In Fig. 1 measurements of 0tilt as a function ofA and n, are shown. There is a major disagreement in Fig. 1 in that all previous measurements of 0tilt give lower values for A, by -7 A2, when compared to the latest results from the gravimetric/hydration method (22, 34) . When one considers that the minimum packing of crystalline hydrocarbon chains near 20°C is -38 A2/pair of chains (39) , this yields nearly 100% error in determining the effect of forming a hydrated gel phase (8 A2 versus 15 A2 for AA). This discrepancy is of more general concern than just the gel phase of DPPC since many ofthe values ofA given in the literature for La phases of many lipids have been obtained solely using the gravimetric method.
In a previous paper (48) try. The best resolved data (41) have been obtained for free-standing films of DMPC for which jtilt was accurately measured to be 300. The concern here is that the sample is compressed by the free water/air boundary and that this compression in turn affects the structure of the individual bilayers. This is suggested by earlier results that 0tilt (43) and the continuous scattering transform vary with hydration (45) , and reports that the bilayer thickness changes with hydration ( 1 8, 22, 43) . This concern is reinforced by the fact that D for free standing films is 6 A less than for fully hydrated MLVs (40) . This amount of compression in D is comparable to the difference between fully hydrated and dry bilayers (45 
MATERIALS AND METHODS
Lipids. Synthetic lecithins (1,2-diacyl-sn-glycero-3-phosphatidylcholine) (39) were purchased from Avanti Polar Lipids (Birmingham, AL) and used without further purification. The two fatty acid chains were identical, linear and saturated, each with n carbons. In this study n was varied from 16 to 20. The abbreviation DCnPC will be used; e.g., DPPC will also be called DC,6PC. The high purity of these lipids was indicated by the sharp main transitions of fully hydrated dispersions obtained with an MC-l calorimeter (MicroCal, Inc., Amherst, MA).
When scanned at 10°C/h, the full widths at half maximum height were: 0.1°0C for DC16PC, 0.09°C for DC,7PC, 0.13°C for DC18PC, 0.1 1°C for DC,9PC, and 0.140C for DC20PC. Oriented bilayers. Thin 00 glass coverslips (Biophysica Technologies, Baltimore, MD), 3 cm x 3 cm x 70 ,m, were cleaned by soaking and swabbing with HPLC grade chloroform (Aldrich, Milwaukee, WI).
Dry lipid (5-10 mg) was dissolved in 200 Al chloroform/methanol (3-4.5 to 1, vol/vol, with the lower part ofthe range preferred for larger n) and the entire solution was then applied to the coverslip. During initial evaporation of the solvent, constant rocking of the coverslip (supported by a glass slide), rolling the lipid solution back and forth to the edges ofthe coverslip, enhanced orientation ofthe bilayers. Orientation ofthe bilayers parallel to the coverslip was also enhanced by a final 24-h air drying at 5°C. Visualization of the 5-10 Arm thick sample (-. 1,000 bilayers) by polarized light microscopy provided preliminary indication of successful orientation; bilayers that were well oriented, as later verified by x-ray diffraction, appeared as dark uniform fields under crossed polars. With too much methanol in the solvent surface defects that looked like "crosses" formed and with too much chloroform deeper defect structures formed that looked like "curls." Successful preparation oforiented bilayers may involve an equal rate ofevaporation of chloroform and methanol from the bilayers, which is affected by temperature and humidity of the room, chain length, and concentration of lipid. The organic solvents were allowed to evaporate at least for several days at room temperature and then the coverslip with oriented bilayers was cut to obtain an 8 mm X 3 cm sample strip. Storage of these samples at room temperature for several months caused no degradation of the lipid as determined by thin layer chromatography (chloroform:methanol:water, 60:30:5).
A sample chamber, shown in Fig. 2 , was machined from a block of solid aluminum. A trough in the center of the chamber was filled with deionized, purified water, and a removable cover had thin (1.5 The spacings d11 and d20 corresponding to the positions of peak intensity along the 11 (20) (and will be confirmed by the results in this paper) that the fully hydrated gel phase of DPPC is characterized by the chains being tilted in the direction towards nearest neighboring chains. Also, each bilayer scatters independently in the wide angle region due to lack of registry of individual molecules across the aqueous spaces (20, 43) . In this case the main features of the q-space wide angle pattern of a single bilayer of perfectly ordered tilted molecules are shown in Fig. 4 . The scattering is confined to Bragg rods; the observable ones with highest intensity are the 20 and 11 rods. The peak intensity along the 20 rods occurs on the equator (q, = 0), corresponding to in-plane scattering, whereas the peak intensity along the 11 rods is centered at symmetrically equivalent nonzero values of q,. (4) where is exactly the angle in q-space to the center ofthe 11 peak ifthe hydrocarbon chains are lines ofdelta functions. We have performed calculations (not presented) for more realistic models ( 14) ofthe hydrocarbon chains which show that the displacement of the angle of the maximum scattering along the 11 Bragg rod is less than 0.10.
The laboratory geometry that is theoretically simplest and most often employed aligns the x-ray beam nearly parallel to the plane ofthe bilayers. Then, the wide-angle scattering pattern on the x-ray film is very similar to the q-space pattern in Fig. 4 . However, even a thin solid substrate absorbs most of the x-rays scattered through it. Also, scattering in the plane of the bilayer is especially strongly absorbed by the bilayers themselves. In practice, therefore, only the upper pair ofthe 11 ( 1 1) )20) The calculated film pattern for w = 450 that corresponds to the (±2, 0) and (± 1, ± 1 ) central peaks in the q-space pattern in Fig. 4 .
simple geometry is for the beam to be perpendicular to the bilayers, but this only yields powder averaged diffraction rings since the bilayers are rotationally (about the bilayer normal) unoriented with respect to each other. In order to verify that the samples conform to the theoretical pattern in Fig. 4 , one must consider other geometries in which all the arcs can be observed. The only other geometry that can be considered involves tilting the oriented bilayers at an angle w with respect to the beam about an axis that is parallel to the equator on the x-ray film, as shown in Fig. 3 B. Let the position on an x-ray film be described by its Bragg angle 0 (determined by distance from the center of the film) and the angle ? measured from the equator. Then, for elastic scattering, the corresponding point in q-space is given by q, = k[sin (20) where k = 27r/X, qin is the in-plane scattering vector which is the horizontal axis in Fig. 4 and qz is the component of 0 normal to the plane of the bilayer which is the vertical axis in Fig. 4 . These equations can also be inverted to calculate the film pattern that would be observed for the q-space pattern in Fig. 4 . at small angles w, as shown in Fig. 3 Fig. 6 occurs at the angle w oftilt ofthe coverslip; w was nominally set to 50 and the calculations of w from this light line are quite close to this. Many orders h of lamellar reflection occur simultaneously on the meridian because the bilayers are not perfectly oriented, and there is a distribution ofangles ofthe normals ofthe bilayers relative to the normal to the coverslip with a maximum in the distribution at zero relative angle. From the growth ofarc lengths with order h, the mosaic spread would be estimated to be at least 30, and a somewhat larger mosaic spread would be consistent with the number of simultaneously observed orders. Because w is near 5-7°, the relative intensities of the different orders seen in Fig. 6 are distorted, with orders h = 7-9 being most strongly amplified because their Bragg angles are near w. Those reflections that lie below the light line include orders h = 1, 2, 3 for the HI hydrated sample and orders h = 1-4 for the H2 hydrated sample. These orders are either not visible (Fig.  6 , HI) or much weaker (Fig. 6, H2 ) than those that occur above the light line. Although a light line from the coverslip is not apparent for the s2 distance exposure, the intensity pattern of the orders is the same. Inclusion of the arcs below the light line in the D spacing calculation did not change the result within the error.
For the Hl sample in Fig. 6 the reflections are identified, in ascending order along the meridian, as follows: a strong 4th order occurs at the edge of the s, light line, a strong 5th order, a weak 6th order, a strong 7th order, an 8th order that is barely visible on the original film and a strong 9th order. Further reflections along the meridian are the lamellar orders from the s2 distance exposure; these reflections are identified by having wider arcs and centers that are slightly offset to the right. They include strong orders h = 4, 5, 7, and 9 with the 6th order barely visible on the film.
For the H2 sample exposed at sl, orders 2, 3, and 4 are weakly present below the light line and orders 5, 7, 9, and 10 are strongly present above the light line. This same pattern is also seen for the s2 exposure, and in addition the h = -1 and -2 orders are weakly visible. The absence of h = 6 and h = 8 is characteristic of fully hydrated DC16PC.
Calculation of the lamellar spacing D used the reflections from both s, and s2 exposures, since it was easy to measure s2-s1 accurately but difficult to measure either s1 or 52 accurately due to uncertainty in determining where the x-ray beam intersects the sample when w is small. Also, it was difficult to measure the center of the main beam accurately enough when the beam stop was above the equator. To obtain 6tilt the film features were first transformed to q-space using Eq. 5 and the measured values ofw to obtain which was then used in Eq. 4 to give til, = 31.5 ± 0.50. The latter calculation also requires d1 I and d20, which were measured to high accuracy for unoriented bilayers. Even though di 1 and d20 can only be determined to within 0.1 A for oriented bilayers, the errors, which are due mostly to uncertainties in s, and c,, are strongly correlated and the error in the ratio d1 I,d20 is at the 0.1 % level which propagates an error of only 0.020 in 0tilt The main error in 0tilt is in judging the center of the 11 arcs. Fig. 7 shows x-ray scattering from oriented lipids when the incidence angle w is large. The six scattering arcs are the expected pattern when the hydrocarbon chains are tilted toward nearest neighbors ( 12, 41 ). This film was measured to obtain the angles of the centers of the arcs, 77ij, as well as estimates of the ends of each arc. A computer program was written to fit the chain tilt angle 0, the sample tilt angle w and the effective chain length L to the data, using Eqs. 4 and 5. Although measuring the ends of each arc is somewhat uncertain, it is clear that the effective chain length L is much closer to 40 A than to 20 A. The fitted w is 45 + 1°, very close to the nominal value set by the 450 wedge used to position the sample holder. The tilt angle 0tilt was consistently about a degree lower than we obtained from the w = 50 configuration; this is caused by the differential stretching of the arcs in transforming from q-space to the x-ray film. The most apparent effect of this stretching is the relative elongation of the (± 1, -1 ) arcs, which are elongated more at the lower end than the upper end. This shifts the maximum intensity observed on the film to smaller angles q. Correcting for this removes the discrepancy in 0tij, compared to the w = 50 data. Often the H2 hydrated oriented lipid slid down the coverslip when it was turned to w = 450 and the x-ray film was rather light, so our primary determinations of 0,ij, for the H2 sample came from the w = 50 data.
The six-arc pattern illustrated in Fig. 5 and shown in Fig.  7 , is the only type that we observed for either HI or H2 hydration conditions when w = 45°. In contrast, for unhydrated oriented bilayers 0tilt was effectively zero as evidenced by the appearance of only one pair of arcs in the same position as the 20 arcs seen in Fig. 7 , but with arc lengths roughly twice as long (data not shown), corresponding to L = 20 A.
X-ray data from conventional unoriented MLVs are shown in Fig. 8 . The experimental configuration caused some slit smearing (7) that shifted low angle rings to lower angles. The two unknowns, DO (true spacing) and the coefficient K of the slit smearing shift, 3(20) = K cotan (20) , were found by the best fit to the observed peaks. Slit smearing was small for h = 3 (effecting a perturbation in D of -0.1 A) and was insignificant in the wide angle region. The D spacings so obtained are shown in Fig. 9 . We were concerned that the D = 63.4 A obtained for DC16PC was somewhat smaller than the D = 63.7 A value that we had obtained previously (48) . In an independent set of more careful measurements with superior resolution and negligible slit smearing we confirmed D = 63.4 ± 0.1 A for DC16PC, so we believe that the values shown in Fig. 9 are correct.
The wide angle data shown as insets in Fig. 8 (6) where M, is the molecular weight, NA is Avogadro's number, and v is the specific volume obtained by neutral density centrifugation shown as a function of chain length n in Fig. 11 . The results in Table 1 show that the aqueous interface in the gel phase, characterized by A and nw, remains virtually the same for saturated lecithins with different chain lengths.
DISCUSSION

DC16PC
Based on the lamellar D spacing value and the intensity variation between orders, full hydration of -1,000 oriented bilayers on a solid substrate was achieved under the H2 hydration conditions. The lamellar D spacing determined from the small w data for DC16PC was 63.4 ± 0.3 A which is the same as the value D = 63.4 + 0.1 A that was obtained from the usual fully hydrated unoriented MLV dispersion. In addition, the characteristic pattern of lamellar intensities, with the h = 6 and h = 8 orders absent, was also obtained for our oriented bilayers. No Waters of hydration n, and area/lipid A as a function of hydrocarbon chain length n.
are sparser due to sliding of the sample off the substrate and poorer due to broadening of the arcs caused by disorder, the w = 50 data indicate no change in the position of the visible wide angle arcs for fully hydrated H2 compared to HI hydration. Even H] provides nearly full hydration with D = 62.5 A and only faint 6th and 8th orders.
Calculation of 6,ij, from the 5°data for H2 and HI and from the 450 data for HI all give the same values. For DC16PC our Otilt = 32°(at 190C) is somewhat larger than the values given by or deduced from the work of previous workers. However, the value ofOtilt = 300 obtained from free-standing films was for DC,4PC and this might be expected to be somewhat smaller than for DC16PC due to the trend in 0tilt with chain length n (see cluded that Otilt increases continuously from 0 for dry lipid up to 28°for 15% water (7.2 water molecules/lipid and D = 59 A). Our result is also consistent with a recent study of Katsaras and Stinson ( 18 Further comparisons ofthe data reviewed in Fig. 1 are somewhat complicated. Fig. shows (43) . This earlier study (43) also concluded that the tilt angle decreased and the bilayer thickness increased continuously with dehydration in contrast to our results and those of McIntosh and Simon (26) and those of Levine (20) .
There might be a chronological trend, with n, increasing with time, and also, by comparing Levine's result (20) with ours, with 0tilt increasing with time. It has been noted that hydrocarbon chain heterogeneity tends to decrease Otilt ( 14, 43) One of the oldest ways to obtain A and bilayer thickness involved plotting D versus c/( 1 -c) where c is the water concentration (4, 20) . For DPPC Levine (20) obtainedA = 44.5 A2 from the range 15% < c < 20%. His analysis required the lipid specific volume to be 1.11 g/ml, which is somewhat larger than our measured value of 1.068 g/ml. Whatever the explanation for the existing disagreements or agreements in Fig. 1 , our present measurements are inconsistent with the large values ofarea/lipid A obtained from the later gravimetric/hydration measurements and that have become commonly accepted in the literature (32) .
Monolayer registry
From the length of the arcs in the data shown in Fig. 7 and the theory in Fig. 5 the length L ofthe scattering unit along the bilayer normal was estimated to be near 40 A, twice the length of a single hydrocarbon chain. Since the principal artifact, mosaic spread, lengthens these arcs, our estimate for L is a lower bound. Earlier results on free-standing films (41 ) also give values ofL that require that the chains from both monolayers in the bilayers be in register. One way that this could come about follows from the inequivalence of the two chains per lipid, with the 1-chain effectively longer than the 2-chain. If the chains are all-trans, then efficient packing would require the meeting of 1-chains from one monolayer with 2-chains from the opposing monolayer; this partially interdigitated structure (15, 37, 38) Fig. 8 and the suggestion that there may be a break in the odd-even staircase trend for specific volume in Fig. 11 .
The most remarkable feature of our data is that A and nw are virtually independent of n as seen in Table 1 . Quantities that do depend upon n are Otilt and Ac as seen in Fig. 10 . Both Otilt and Ac exhibit a small odd-even effect; this is characteristic of hydrocarbon chain systems. More important, in our opinion, is an overall increase in Otilt and decrease in AC as n increases. Before attempting to explain the details of the n-dependence, it is first useful to review the reason originally given (24, 27) to explain why chains tilt, namely that tilting allows nearly optimal packing of both the heads and the chains simultaneously. From crystal studies (39) The n dependence of Otilt and A, shown in Fig. 10 are now strongly coupled by Eq. 2 because A is constant. This n dependence can be explained with the aid of the two free energies shown in Fig. 12 . The first is the free energy per methylene F1, which we now specify more precisely as the free energy per methylene that would be obtained in the limit of infinitely long chains at 20°C. The second free energy, F2, accounts for "end" corrections, due to the finite n. The total free energy F is then F= nF±+ F2. (7) As n increases, F is minimized at an equilibrium value of AC that approaches Ac,min, the location of the minimum of F1. In order for the minimum value of F to occur at values of AC larger than Acmin, F2 must decrease, as drawn in Fig. 12 Only the latter source can give rise to the small odd-even effect observed in Fig. 10 , so it may be presumed that this contributes to F2, though this by no means eliminates other sources. A third source derives from the loss ofvan der Waals cohesive energy near a surface. Use of the second order correction term in Eq. 8 of Hawton and Keeler ( 10) yields the F2, with a constant subtracted, plotted in the graph in Fig. 12 . Another datum that may be considered is that Ac for DLPE, 20.6 A2 (25) , is larger than for any of the longer chain DCnPC. This datum is consistent with the latter two sources of energy because DLPE has a shorter chain length (n = 12) but it is inconsistent with the hinge effect because the zero tilt in DLPE is smaller than for the PCs.
Although the chain length dependence of gel phase structure is a rather small effect, it is important to emphasize that it occurs. Ifthe contrary assumption is made that Oit, as well as A and np,, does not depend on n, then a simple, but erroneous, procedure for obtaining Otilt is to equate the easily measured increase in D to the extra length per methylene, (1.27 A) cos (Otilt), of additional methylenes. With the data in Fig. 9 this procedure yields Otilt = 440 for all chain lengths. This value ofOtilt is consistent with the largest values of nw measured by the gravimetric/hydration method. However, the results in this paper show that both are quite incorrect, because Otlt does indeed have a significant chain length dependence.
